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Abstract 
Titanium alloy (Grade 5) has been regarded as the most useful alloys for the aerospace applications, due to their light weight 
properties. The addition of copper to this alloy allows the improvement in the mechanical properties. The increase in the 
laser power has influenced the coarseness of the α-Ti lamella; and thus slows down the cooling rate during solidification. 
The X ray diffraction method has been used to analyse the residual stresses using the biaxial and shear-stressed model. Very 
infinitesimal microns were taken into consideration for the penetration depth. The results generated indicate that a decrease 
in the compressive residual stresses is attributed to the increase in the laser power and the variation of the heat input within 
the clad during processing. The differences in the thermal expansion with respect to the increase in the volume of deposition 
as the laser power increases have significant effect on the compressive residual stress.  
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1. Introduction 
Research is a continuous phenomenon which needs focus in the field of surface engineering in order to 
recurrently improve the existing material’s properties during production or fabrication. The applications of 
titanium and its alloys in the aerospace, medical, chemical industries, energy and automotive industrial services 
are due to their possessed excellent mechanical, physical and corrosion-resistance properties [1] [2]. Some 
additional alloys have been introduced to titanium alloy in order to improve their mechanical properties. The 
alloying additions in titanium can be divided into three different classes - the α-stabilizers, the neutral stabilizers 
and the β-stabilizers. Elements such as V, Mo, Cu Cr, Fe and Mn serve to introduce the β-phase steadiness in the 
α-phase microstructure [3]. All manufacturing methods introduce residual stress into the mechanical 
components and stimulate the ultimate tensile strength, fatigue behaviour and the corrosion resistance effects 
[4]. At low temperature, the diffusion of alloying elements is difficult to cause a phase transformation, and the 
basis for the residual stress in titanium alloy is differential thermal expansion of the α and β phases. During 
cooling from high temperature, the pre-existing residual stresses created in the two phase alloys are relaxed 
which were as a result of the decrease in the time dependent of the β lattice parameters [5]. The method of 
residual stress relaxation is important to ensure that selective laser melted material remains a possible 
manufacturing method for complex geometries [6]. The formation of residual stress for a laser deposited 
Ti6Al4V alloy is independent on the controlled heat input of the deposition rate. Thus, a larger heat input 
lessens the residual stress of a deposited Ti6Al4V alloy [7]. Creep is regarded as the main stress release 
mechanism at high temperature, and when the residual stress reached the critical value, the stress level is 
reduced through crack growth initiation [8]. It was deduced clearly that the improvements in mechanical 
properties of a metal can be achieved by suitable alloying additions and micro-structural design. Sufficient 
short-term creep strength was observed and controlled when superior hot workability was brought about by the 
presence of the β-phase and the α/β phase microstructures. Desired microstructure such as the basket weave 
microstructure was obtained through thermo-mechanical processing. This was found to offer better creep 
resistance than an equiaxed α/β phase microstructure [9]. Appropriate process parameters are always suggested 
to produce parts with better geometrical accuracy [10]. 
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The main purpose of this paper is to analyse the residual stress in the laser deposited Ti6Al4V/Cu alloy using 
the X-ray Diffraction (XRD) residual stress measurement technique. 
 
 
Nomenclature 
α/β alpha-beta phase  
KeV radiation energy 
Å wavelength 
ʋ Poisson’s ratio 
hkl miller indices 
LMD laser metal deposition 
 
2. Materials and approaches 
The experiment was conducted on a 2000 Watts Ytterbium fibre laser at the National Laser Centre, 
Council of Scientific and Industrial Research (NLC-CSIR), Pretoria, South Africa. The laser has a wavelength 
of 1.047µm and associated with a Kuka robot having a three way nozzle system attached at its end effector. 
Ti6Al4V alloy and Cu powders were poured into two separate cleaned cylindrical containers. The powders were 
fed from the two cylindrical hoppers and flow out through a three way nozzle. Table 1 shows the experimental 
matrix used in this present study. 
 
 
    Table 1.Experimental matrix 
Sample 
Name 
Laser Power 
(W) 
Scanning Speed (m/min) Powder Flow rate (rpm) Gas Flow rate (l/min)   
 
Ti6Al4V 
 
Cu 
 
Ti6Al4V 
 
Cu 
S33 1200 0.7 2.4 0.1 3 1 
P27 1600 0.3 2.5 0.1 3 1 
P35 1200 0.3 2.4 0.1 3 1 
P36 1400 0.3 2.4 0.1 3 1 
P37 1600 0.3 2.4 0.1 3 1 
Ti6Al4V 1600 0.3 2.4 Nil 3 Nil 
 
The cross sections of the samples were mounted in poly fast prior to further characterization. The samples were 
ground (plain and fine grinding), polished and etched according to E3-11 ASTM standard guide for preparation 
of metallographic specimens [11]. Prior to microscopic observation, the Kroll’s reagent was prepared for the 
etchant (100 ml H2O, 2-3 ml HF and 4-6 ml HNO3 ) respectively. Each sample was etched for 15 seconds, 
rinsed and dried off with a hand dryer. The microstructures of the laser deposited samples were observed under 
the BX51M Olympus microscope at low and high magnifications.  
The X Ray diffraction (XRD) analysis was done on the deposited Ti6Al4V/Cu alloys, using the D8 
Advance Bruker diffractometer to characterize and identify the composition of the phases present in the alloys. 
The recording range is between 30o to 120o using a step size of 0.04o at 2.1 seconds. The residual stress analyses 
were also conducted on the deposited alloys, using a Cu-Kα radiation with a radiation energy of 80.05 KeV 
(wavelength = 0.154055 Å) and Poisson’s ratio, ʋ of 0.33. The peak was evaluated at 2Ө = 109.01o by using the 
Pearson VII method. The stress model used is biaxial and shear-stressed. The diffraction measurement was done 
using a two-dimensional High Star detector; and all the data were analysed using the Leptos software version 6. 
 
3. Results and discussion 
The results of the XRD analyses with the identification of the phases present in Ti6Al4V and 
Ti6Al4V/Cu alloys are presented. Fig 1 describes the XRD spectra and the phases, as well as the compositions 
of Ti6Al4V alloy, Ti6Al4V/3Cu alloy and Ti6Al4V/5Cu alloy respectively.   
  
Fig. 1. XRD spectra and phase compositions of Ti6Al4V, Ti6Al4V/3Cu and Ti6Al4V/5Cu alloys  
The recording range (2Ө) for the XRD test is between 30o and 110o under a target tube of Cu. It can be observed 
that the phases for Ti6Al4V, Ti6Al4V/3Cu and Ti6Al4V/5Cu alloys are similar in trend; but the peaks are 
different at the most noticeable phases between 35o and 45o. The peaks are very narrow; and they displayed 
sharp edges. The major hexagonal titanium (Ti) peaks are observed at 2Ө = 35.5o, 38.5o, 40o, 53o, 63.5o, and 71o, 
respectively. At 2Ө = 38.5o and 40o, the peaks of Ti for Ti6Al4V alloy are much lower than the peaks for 
Ti6Al4V/3Cu and Ti6Al4V/5Cu alloys respectively. The peak of Ti6Al4V alloy is observed to be lower than 
those of the Ti6Al4V/3Cu and Ti6Al4V/5Cu alloys. The peak for Ti6Al4V/3Cu alloy is a bit higher than the 
Ti6Al4V/5Cu alloy. The hexagonal TiO peaks are more pronounced and exhibit the highest peak at 2Ө = 40o. 
Low peaks of Al were also identified at 2Ө = 46o and 78o.  
Figs 2 show the microstructures of the laser deposited Ti6Al4V/Cu samples. Figs 2 (a) to (d) show the 
microstructures of the etched Ti6Al4V/Cu alloys of samples S33, P27, P35 and P36 respectively. Here, 3 wt % 
and 5 wt % of Cu in Ti6Al4V alloy were put into consideration. 
 
 
  
Fig. 2. Microstructures of the laser deposited samples: (a) Sample S33: 1200 W and 0.7 m/min; (b) Sample P27: 1600 W and 0.3; (c) 
Sample P35: 1200 W and 0.3 m/min; (d) Sample P36: 1400 W and 0.3 m/min;  
 
Coarse basket weave (Widmanstatten) microstructures were dominant towards the top of the deposit and 
become thinner towards to the fusion zone. The α-phase was found to impede the migration of the β-phase due 
to the diffusion less nature of the α-phase. Most of the α-Ti lamella was found gaining their coarseness as the 
laser power increases; and this in turn slows down the cooling rate during solidification. The Widmanstatten 
microstructures toward the fusion zone are thin and add to the strong bond that exists between the deposit and 
the substrate’s interface [12]. 
Numerous ways whereby residual stress analysis in XRD is of advantage over other means of testing 
technique have been quoted by Escobar et al [13]. It is a non-destructive approach, and allows for a high 
dislocation density and depth of penetration.  
The X-ray/bulk elastic constants   ,  and v = 0.33, respectively - are 
converted to form the residual stress measurements [13] [14]. The miller indices {hkl} = (211) can be used for 
the plane reflection. 
Fig 3 shows the plot of the residual stresses against the deposited Ti6Al4V/Cu composites. The results of the 
residual stresses of all the deposited alloys were compressive residual stresses.  
 
Fig. 3. Plot of the residual stresses against Ti6Al4V and the selected Ti6Al4V/Cu composites 
It could be seen that the Ti6Al4V alloy has the highest compressive residual stress of -276.3 ± 38 MPa; and the 
correlation in the residual stress is very far in value compared with those of other Ti6Al4V/Cu alloys. The 
reason for the high compressive stress was reported by Escobar et al [13]. These authors maintained that the 
poor mobility of the atom and the nucleation routes for the growth of crystals are not relaxed because of the high 
energy input of the deposition process. Sample P27 of Ti6Al4V/3Cu alloy has the lowest compressive residual 
stress of -9.9 ± 30 MPa among the others alloys. This shows that the presence of Cu in the webs of titanium 
alloy has contributed to the relaxation and mobility of the crystals’ growth within the lattices.  A slight increase 
of compressive residual stress occurred to sample P35 of Ti6Al4V/5Cu alloy. There is a decrease in the 
compressive residual stress from samples P35 to P37. The reduction in the residual stresses observed in samples 
P35, P36 and P37 were -62.4 ± 24.3 MPa, -57.2 ± 30.8 MPa and -29.3 ± 34.2 MPa, respectively. The decrease 
in the compressive residual stresses from samples P35 to P37 of Ti6Al4V/5Cu alloys could be attributed to the 
increase in laser power from 1200 W to 1600 W, and the difference in the heat input. A larger heat input can 
strongly contribute to a decrease in the residual stress of titanium alloy samples [7]. The increase in the rate of 
cooling could also have contributed to the reduction in the residual stress. The differences in thermal expansion 
with the increase in volume of deposition, as the laser power increases, could similarly influence the 
compressive residual stress. The variation in thermal expansion of different coatings was revealed by Pejryd et 
al [15] to have effects on the residual stresses. The influence of Cu in the lattices of Ti6Al4V alloy has greatly 
enhanced the compressive residual stress of Ti6Al4V/Cu alloys. Interestingly, sample S33 of Ti6Al4V/5Cu 
composite had a rise in the compressive residual stress (-147.4 ± 18 MPa), which is far from the three other 
Ti6Al4V/5Cu alloys. This occurrence could be due to the increase in scanning speed (0.7 m/min) used. The 
improved compressive residual stresses can be induced by high density and homogeneous dislocations, which 
are the main features for improving fatigue limits [16]; and this residual stress, can cause a partial distortion in 
large mechanisms [17]. However, Oladijo et al [18] maintained that a lower magnitude of compressive residual 
stress of almost -150 MPa would not cause any form of problem, such as spallation, during service. Invariably, 
the Cu contents added to the Ti6Al4V alloy have greatly reduced the compressive residual stress and can hence 
be recommended.  
4. Conclusion  
The analysis of residual stresses in the laser metal deposited Ti6Al4V/Cu alloys was investigated using the 
biaxial and shear-stressed model. The residual stress measured in the Ti6Al4V alloy was observed by 
calculation to have the highest compressive residual stress of -276.3 ± 38 MPa as compared to other depositions 
made with Cu alloys. The decrease in the compressive residual stresses of -62.4 ± 24.3 MPa, -57.2 ± 30.8 MPa 
and -29.3 ± 34.2 MPa, respectively for samples P35 to P37 of Ti6Al4V/5Cu alloys can be attributed to the 
increase in the laser power and the heat input. This in turns has influenced the coarseness of the Widmanstatten 
microstructures. 
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